3-D Glasma initial state from small-x evolution by Schenke, Björn & Schlichting, Sören
Nuclear Physics A 00 (2018) 1–4
Nuclear
Physics A
www.elsevier.com/locate/procedia
XXVIth International Conference on Ultrarelativistic Nucleus-Nucleus Collisions
(Quark Matter 2017)
3-D Glasma initial state from small-x evolution
Bjo¨rn Schenkea, So¨ren Schlichtingb
aPhysics Department, Brookhaven National Laboratory, Bldg. 510A, Upton, NY 11973, USA
bDepartment of Physics, University of Washington, Seattle, WA 98195-1560, USA
Abstract
We present an ab-initio approach to compute the longitudinal dependence of the initial state in heavy-ion collisions by
including small-x evolution of the nuclear gluon distributions. Extending the IP-Glasma model by including JIMWLK
rapidity evolution, we compute event-by-event rapidity distributions of produced gluons and the early time energy
momentum tensor as a function of space-time rapidity and transverse coordinates. We show how the effects of small-
x evolution manifest themselves in longitudinal (rapidity) correlations of event-by-event multiplicities and transverse
geometry and compare our results to various phenomenological models and experimental observations.
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1. Introduction
Experimental measurements of longitudinal correlations and fluctuations [1, 2, 3, 4] have lead to inter-
esting new insights into the dynamics of multi-particle production and the 3+1-D space-time dynamics of
the QCD medium created in high-energy heavy-ion collisions. On the phenomenological side, a variety
of different models [5, 6, 7, 8] have been developed in an attempt to understand the characteristic behav-
ior of observables, such as longitudinal multiplicity distributions and event plane correlations. Despite the
fact that different models perform reasonably well in comparison with experimental results, the underlying
dynamics appears to be far from understood as different models are based on vastly different degrees of free-
dom ranging from constituent quarks [8] and flux tubes/strings [9, 7, 6] all the way to hadronic degrees of
freedom [5]. In this proceeding, we report on a first attempt to understand the structure of longitudinal corre-
lations and fluctuations from a first-principle approach in the high-energy limit. Based on a brief exposition
of the formalism, we present first results for longitudinal observables in central Pb + Pb collisions at LHC
energies and give an outlook to possible future extensions. Details of our study, including a comprehensive
discussion of the theoretical background as well as some additional results can be found in [10].
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2. 3-D initial state from small-x evolution
Energy deposition at mid-rapidity is dominated by small-x gluons in the wave-functions of the incom-
ing nuclei and admits an effective description in the Color Glass Condensate framework [11, 12] in the
high-energy limit. Based on the property of high-energy factorization, expectation values of single inclu-
sive observables, such as e.g. the average multiplicity dN/dy|yobs , can be computed to leading logarithmic
accuracy in this framework as an average over the distribution of color charges in the projectile and target
according to [13, 14, 15]
dN
dy
∣∣∣∣∣
yobs
=
∫
[DU][DV]Wp
∆yp
[U]Wt∆yt [V]
dN
dy
[U,V] . (1)
where the evolution of the weight functionals Wp/t
∆yp/t
of the projectile/target with the rapidity separation
∆yp/t = ±yp/t − yobs is described by the JIMWLK renormalization group equation [16, 17, 18, 19, 20]. We
note that high-energy factorization in the above form (1) has been proven in [13, 14, 15] for single inclusive
observables, e.g dN/dy|yobs and un-equal rapidity correlations, e.g. dN/dy|y1obs dN/dy|y2obs , with sufficiently
small rapidity separations |y1obs − y2obs|  1/αs. Even though factorization of the form (1) is expected to
break down in the regime where |y1obs − y2obs| ∼ 1/αs (see e.g. [21]), it is conceivable that even in this regime
the above expression still contains the dominant source of correlations, and we will assume in the following
that the factorization holds over the entire range of |y1obs − y2obs| considered in our study.
Based on these general ideas, the IP-Glasma model [22, 23, 24] represents a successful microscopic
model for the phenomenological description of (2+1-D) transverse properties of the initial state. By use of
the high-energy factorization properties, it is then straightforward to include the dominant sources of longi-
tudinal correlations and fluctuations in a 3+1 D description of the initial state on an event-by-event basis.
We first generate a configuration of Wilson lines U/V according to the statistical weightsW±yp/t−yinitp/t [U/V]
of the IP-Sat paramatrization evaluated at an initial rapidity separation yinitp/t , corresponding to the largest
forward/backward rapidity of interest (yinitp/t = ±2.4). We then evolve the Wilson lines U/V from the initial
rapidity scale ±yp/t−yinitp/t up to the rapidity separation ±yp/t−yobs of interest, by solving the stochastic version
of the leading log (LL) JIMWLK evolution equation [25, 26]. 1 Based on the Wilson line configurations
U/V |∆yp/t we then proceed as usual to compute the observables of interest by numerically solving the clas-
sical Yang-Mills equations of motion. Un-equal rapidity correlations such as e.g. the multiplicity correlator〈
dN/dy|y1 dN/dy|y2
〉
are simply obtained as event-averages of the product of the local observables dN/dy|y1
and dN/dy|y2 and reflect the underlying correlations of small-x gluons inside the hadronic wave-functions.
Before we turn to a detailed discussion of our results in comparison to experimental data, we briefly
comment on the general features of our 3-D Glasma initial state model. So far all of our calculations are
based on initial state observables only, i.e., do not include hydrodynamic evolution, and have only been
performed for 2.76 Pb+Pb collisions at zero impact parameter (b = 0). In the left panel of Fig. 1 we present
a contour plot of the initial state energy density (T ττ) in a single Pb + Pb event. One clearly observes that
energy deposition is dominated by approximately boost invariant flux tubes with a characteristic transverse
size on the order of the size of the nucleon. However, one also observes various kinds of short and long
range fluctuations both in the longitudinal (η) and transverse (x) directions, which can be quantified further
in terms of various correlation functions.
Before we turn to a more detailed analysis of the longitudinal correlations and fluctuations, it is useful
to check that our model correctly reproduces the rapidity dependence of the single inclusive multiplicity
distributions. Our results for dN/dy (normalized to dN/dy at mid-rapdidity) are shown in the right panel
of Fig. 1. Since the rapidity evolution speed is controlled by the strong coupling constant αs, we present
1We note that even though NLL effects of the evolution are know to be important, e.g. to slow down the evolution of DIS structure
functions [27], we stay at LL accuracy and instead use the coupling constants αs as a free parameter to adjust evolution speed. Since we
are interested in impact parameter dependence, one has to introduce an infrared regulator to suppress gluon radiation at large distance
scales [28]. Details of the procedure are discussed in [10] where the sensitivity to the infrared regulator is also assessed.
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Fig. 1. (a-b) Illustration of 3-D energy density profile in a single Pb + Pb event. (c) Event averaged multiplicity distribution dNdy . Fig.
from [10]
results for three different values of αs noting that the distributions become almost indistinguishable from
each other when plotted as a function of the scaling variable αsY . Comparing our results with a Gaussian
fit to ALICE data [29], one observes good overall agreement for αs = 0.15. Even though, this value of the
strong coupling constant appears to be somewhat small, it is re-assuring that similar values of αs are needed
to match the evolution speeds of the saturation scale d ln Q2s/dy ' 0.3 with phenomenological extractions of
Q2s from DIS structure functions [30, 31, 32].
We have also analyzed longitudinal multiplicity fluctuations, characterized by the unequal-rapidity cor-
relation function C(Y1,Y2) ∝ 〈dN/dY1dN/dY2〉/〈dN/dY1〉〈dN/dY2〉. We find that our model [10] correctly
reproduces the overall structure of the correlation function measured by ATLAS [2], where multiplicity fluc-
tuations are dominated by an event-by-event forward/backward asymmetry. We note that in our framework
the dominant contribution to this forward/backward asymmetry comes from local fluctuations of the satura-
tion scale Qs at the initial rapidity scale, and we refer to [33] for a semi-analytic discussion within a closely
related approach.
We finally address the longitudinal fluctuations of the transverse event geometry within the 3-D Glasma
model. Characterizing the initial state geometry in terms of the usual eccentricity vectors n(η) =
∫
d2x |x|n
einφn(x) T ττ(x, η) /
∫
d2x |x|nT ττ(x, η),we observe a significant de-correlation of both the magnitude of the ec-
centricity |n(η)| and the eccentricity plane angles ψn(η) = arg(n(η))/n for both elliptic (n = 2) and triangu-
lar (n = 3) eccentricities across the entire rapidity range of −2.4 < η < 2.4. We can further quantify this de-
correlation by studying the forward/backward ratio [1], rn(ηa, ηb) = Re
[
n(+ηa)∗n(ηb)
]
/Re
[
n(−ηa)∗n(ηb)
]
measured w.r.t. a reference rapidity ηb. Since previous works [7] showed that the magnitude of the initial
state rn defined on the basis of eccentricities is close to that of the final state rn, where the de-correlation
ratio is calculated based on the usual flow vectors Qn, we can directly compare our results to experimental
measurements. Our results for r2 and r3 are compactly summarized in Fig. 2, where we present a compar-
ison between various models [10, 6, 7, 8] and experimental results from CMS for central (0-5%) Pb + Pb
collisions [1]. Despite the fact that all models predict a significant de-correlation (r2/3 < 1), a simultaneous
description of r2 and r3 appears to be challenging as models typically over-estimate the de-correlation of
r2 in comparison to r3. We find that with the 3D-Glasma model we obtain a decent description of both
r2 and r3, although more detailed studies will be needed to reduce statistical and systematic errors in this
comparison.
3. Conclusions & Outlook
We reported on the development of a 3-D initial state model based on the concept of high-energy fac-
torization. One particularly appealing feature of this approach is that the longitudinal structure of the event
geometry is entirely determined by the small-x (JIMLWK) evolution, such that the strong coupling con-
stant αs and a non-perturbative infrared regulator m (see [10] for details) are the only free parameters of
the model. We presented first applications of the 3-D Glasma model to the initial state in central Pb + Pb
collisions, which show promising results concerning the description of the rapidity dependence of the avg.
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Fig. 2. De-correlation of the elliptic (r2) and triangular (r3) event-geometry as a function of rapidity separation ηa (see text for details).
Different calculations (3D-Glasma [10], Torque [6], AMPT [7], 3DMCG [8]) are compared to CMS results [1]. Fig. from [10].
multiplicity as well as the long. structure of multiplicity and geometric correlations. By including running
coupling effects and performing proper event selection, it will be interesting to extend this study towards a
more comprehensive analysis of the longitudinal structure in different collision systems (p+ p, p+A, A+A).
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